Introduction {#Sec1}
============

Cerebral ischemia is one of the leading causes of mortality and disability worldwide \[[@CR1], [@CR2]\]. The administration of tissue plasminogen activator (tPA) within the therapeutic time window is one of the few available therapies for stroke. However, only a small portion of patients benefit from this thrombolytic treatment \[[@CR3]--[@CR5]\]. After the occlusion of arteries, approaches to increase collateral flow may attenuate the ischemic injury \[[@CR6]\]. Therefore, intensive efforts have been made to find therapeutic targets and related drugs for stroke treatment.

Melatonin protects against ischemic brain injury by pleiotropic mechanisms, including anti-oxidation, anti-inflammation, anti-apoptosis and the reduction of autophagic cell death \[[@CR7]--[@CR11]\]. These findings suggest that melatonin can be a novel therapy for ischemic stroke treatment \[[@CR12]\]. It has become clear in recent years that melatonin confers its neuroprotection, at least partly, by activating its receptors, namely, MT1 and MT2, in ischemic brains \[[@CR13], [@CR14]\]. MTs activate a variety of signaling cascades rapidly and subsequently trigger the protective effect, i.e., the reduction of ischemia-induced inflammation, oxidative stress and mitochondrial dysfunction \[[@CR7], [@CR15]\]. In addition, the recent discoveries that MT agonists attenuate ischemic brain injury further shed light on MTs as promising drug targets for stroke therapy \[[@CR15], [@CR16]\].

Ramelteon is an FDA-approved MT1/MT2 agonist used for insomnia. Ramelteon acts selectively on MTs and shows limited affinity to the receptors of other neurotransmitters in the central nervous system, including GABA, serotonin, dopamine, noradrenaline and acetylcholine \[[@CR17], [@CR18]\]. Ramelteon has been proven effective in preventing delirium and is safe for long-term use. Emerging studies have shown the cardioprotective effect of ramelteon in reducing ischemic injury, suggesting additional pharmacological activities of ramelteon other than being a sleep agent \[[@CR19]\]. However, whether ramelteon can serve as a potential drug to ameliorate ischemic brain injury has never been evaluated.

Materials and methods {#Sec2}
=====================

Animals {#Sec3}
-------

Male C57BL/6 mice weighing 22--25 g were used. All experiments were approved by and conducted in accordance with the ethical guidelines of the Zhejiang University Animal Experimentation Committee and were in complete compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Efforts were made to minimize any pain or discomfort, and the minimum number of animals was used.

MCAO mouse model and the determination of ischemic injury {#Sec4}
---------------------------------------------------------

Focal cerebral ischemia was induced by middle cerebral artery occlusion (MCAO) \[[@CR20]\]. In brief, mice were anesthetized by the inhalation of isoflurane for surgery. Cerebral blood flow (CBF) was determined in the area of the middle cerebral artery (MCA) by laser Doppler flowmetry (Model Moor VMS-LDF2, UK). A probe was attached to the skull over the cortex supplied by the right MCA (2-mm caudal to bregma and 6-mm lateral to midline). A 6-0 nylon monofilament suture with a rounded tip was inserted \~10 mm into the internal carotid to occlude the origin of the MCA. Animals with less than an 80% reduction in CBF were excluded from the study. Mice underwent MCAO for 24 h or 96 h. Body temperature was maintained at 37 °C until the animals recovered from the anesthesia. To analyze protein expression, the penumbral tissue of ischemic brains was rapidly collected after 24 h or 96 h of MCAO, as previously described \[[@CR21]\].

Infarct volumes were measured at 24 h or 96 h after surgery, and coronal mouse brain slices at 2-mm intervals were stained with 0.25% TTC (Sigma, T8877). Infarcted areas were analyzed using Image Pro Plus 7.0 and measured by the indirect method, which corrects for edema \[[@CR20]\].

Neurological deficit scores were evaluated at 24 h or 96 h after surgery as follows: 0, no deficit; 1, flexion of the contralateral forelimb upon lifting the whole animal by the tail; 2, circling to the contralateral side; 3, falling to the contralateral side; and 4, no spontaneous motor activity \[[@CR22]\].

Photothrombotic model of stroke in mice {#Sec5}
---------------------------------------

To induce chronic focal cerebral ischemia, photothrombosis was performed in mice as described previously \[[@CR23]\]. Mice were anesthetized with isoflurane and mounted in a stereotaxic apparatus (Stoelting, 512600). A cold light source (diameter 1.8 mm; 12,000 lux) was placed in close contact with the skull surface at 1.5 mm lateral from bregma. Rose Bengal solution (Sigma; 330000) was administered intraperitoneally at a dose of 100 mg/kg. Five minutes after injection, the brain was illuminated for 15 min through the intact skull to initiate photothrombosis. Sham mice were treated with the same procedure without light illumination. For protein analysis, 15 days after photothrombosis, the brain cortex around the infarct core was rapidly dissected as previously described \[[@CR24]\].

Drug administration {#Sec6}
-------------------

Ramelteon (MCE, A0014) was dissolved in saline containing 0.5% carboxymethylcellulose (CMC). Animals were given ramelteon (0.3, 1.0 or 3.0 mg/kg, *i.g*.) at the onset of MCAO. For the treatment after ischemia, ramelteon (3.0 mg/kg, *i.g*.) was administered at the onset of or at 4 and 6 h after MCAO. Edaravone (Sigma, M70800) was intraperitoneally injected at doses of 3, 10, 30 mg/kg at the indicated time after MCAO. For the treatment of chronic cerebral ischemia, ramelteon (3.0 mg/kg, *i.g*.) was administered daily after photothrombosis for 7 days. The MTs antagonist 4-P-PDOT (Tocris, 1034) was administered (3.0 mg/kg, *i.p*.) 0.5 h before ramelteon administration \[[@CR25]\]. Rapamycin (Sigma, R0395) was dissolved in saline and intracerebroventricularly (2 μL, 10 μmol/L) injected at the onset of ischemia.

Grid-walking task {#Sec7}
-----------------

The grid-walking task apparatus was manufactured, as previously described \[[@CR23]\]. The grid area was 32 cm × 20 cm × 50 cm (length × width × height) with a 12 mm square wire mesh. Mice walked on a wire grid for 3 min while being video-recorded. Foot faults for the forelimb and the total normal steps were counted. The foot fault index was calculated as the number of foot faults/(foot faults + the number of non-foot-fault steps) × 100%. Foot faults were considered to occur when the forelimbs passed through the grid hole. The video analysis was performed by individuals who were blinded to these experiments.

Cylinder task {#Sec8}
-------------

Mice were placed in a Plexiglas cylinder (15 cm in height with a diameter of 10 cm) and video-recorded for 5 min to determine forelimb symmetry in exploratory rearing \[[@CR23]\]. The video footage was analyzed by calculating the time (in seconds) that each forelimb or both forelimbs were placed on the cylinder wall. The asymmetry index is as follows: (% ipsilateral use)−(% contralateral use). The video analysis was performed by individuals who were blinded to these experiments.

Toluidine blue staining {#Sec9}
-----------------------

Toluidine blue staining was performed on day 15 after photothrombosis \[[@CR26]\]. Brain sections were cut into 30 μm sections on a cryostat (Leica, Germany) and were collected every 90 μm. The slices were stained with 0.03% toluidine blue solution (Sigma, 89640) for 1--2 min. Then, sections were washed in distilled water, decolorized in 75% ethyl alcohol and dehydrated in 95% and 100% ethyl alcohol for 2 to 3 min in each step. The sections were cleared in xylene for 5 min. Finally, the sections were mounted and observed under a light microscope (Olympus, VS120). Toluidine blue staining was traced and quantified by ImageJ.

Western blot analysis {#Sec10}
---------------------

Western blot analysis was performed as described previously \[[@CR21]\]. Briefly, peri-infarct cortex tissues were homogenized in RIPA buffer (20 mmol/L Tris--HCl, pH 7.5, 150 mmol/L NaCl, 1 mmol/L EDTA, 1% Triton X-100, 0.5% sodium deoxycholate (Sigma, 30970), and 2% Protease Inhibitor Cocktail Tablets (Roche, 04693132001)). The primary antibodies were as follows: SQSTM1 (1:1,000; Cell Signaling Technology, 5114), LC3 (1:1,000; Sigma, L7543), AMPK (1:1,000; Cell Signaling Technology, 5831), p-AMPK (T172) (1:1,000; Cell Signaling Technology, 50081), p-mTOR (S2448) (1:1000; Cell Signaling Technology, 2971), p-p70S6 (1:1000; Cell Signaling Technology, 9205), IL-1β (1:1000; Cell Signaling Technology, 52718), TNF-α (1:1000; Cell Signaling Technology, 11948) and GAPDH (1:3,000; Kang Chen, KC-5G4). Secondary antibodies were as follows: HRP against either rabbit or mouse IgG (1: 5,000; Cell Signaling Technology, 7071 and 7072).

Statistical analysis {#Sec11}
--------------------

All data were collected and analyzed in a blinded manner. Data are presented as the mean ± SEM. The data were evaluated by a one-way ANOVA (analysis of variance) with Dunnett T3 post hoc tests. For behavioral testing, differences between treatment groups were analyzed using a two-way ANOVA with Tukey's multiple comparisons test for post hoc tests. *P* *\<* 0.05 was considered statistically significant.

Results {#Sec12}
=======

Ramelteon protected against middle cerebral artery occlusion (MCAO)-induced acute ischemic brain injury {#Sec13}
-------------------------------------------------------------------------------------------------------

To explore the neuroprotective effect of ramelteon against acute ischemic brain injury, mice were subjected to middle cerebral artery occlusion (MCAO) (Fig. [1a](#Fig1){ref-type="fig"}). Ramelteon was administered (0.3, 1.0 and 3.0 mg/kg,*i.g.*) at the onset of MCAO. Brain infarct volumes and neurological deficits were determined 24 h after ischemia. The results showed that ramelteon reduced brain infarct volumes in a dose-dependent manner. Ramelteon at 3.0 mg/kg significantly reduced the brain infarct volumes from 52.5% ± 1.7% to 32.1% ± 4.6% (Fig. [1b, c](#Fig1){ref-type="fig"}). In line with this finding, 3.0 mg/kg ramelteon ameliorated MCAO-induced neurological deficit (Ram 3.0 2.33 ± 0.30 *vs* Vehicle 3.83 ± 0.17, *P* *\<* 0.01, Fig. [1d](#Fig1){ref-type="fig"}). These data revealed the neuroprotective role of ramelteon against MCAO-induced acute brain injury.Fig. 1Ramelteon protected against middle cerebral artery occlusion (MCAO)-induced acute ischemic brain injury. **a** Experimental design of acute ischemia is shown. **b** Ramelteon at 0.3, 1.0 or 3.0 mg/kg was administered orally at the onset of MCAO. Representative brain slices are shown after TTC staining. **c** The infarct volumes and **d** neurological deficit scores were accessed at 24 h after MCAO. **e** Mice were treated with ramelteon at 3.0 mg/kg, 4-P-PDOT at 3.0 mg/kg or cotreatment after surgery. 4-P-PDOT was injected 0.5 h before ramelteon administration. *n* = 5 to 8 for each group. **f** The brain infarct volumes and **g** neurological deficit scores were measured as mentioned previously. **h**, **i** The brain infarct volumes and **j** neurological deficit scores were measured after 96 h. *n* = 4 to 5 for each group. The data are shown as the mean ± SEM. Statistical comparisons were performed with a one-way ANOVA followed by Dunnett's multiple comparisons test. \**P* *\<* 0.05, \*\**P* *\<* 0.01; n.s. (not significant) *vs* the indicated group

Ramelteon is accepted as an agonist of melatonin receptors (MTs). To further clarify the involvement of MTs in neuroprotection, 4-P-PDOT was employed as a specific MT antagonist. The results showed that 3.0 mg/kg 4-P-PDOT (*i.p*.) significantly increased the infarct volumes (4-P-PDOT + Ram 50.8% ± 4.2% *vs* Ram 31.2% ± 4.1%, *P* *\<* 0.01, Fig. [1e, f](#Fig1){ref-type="fig"}) and neurological deficit score (4-P-PDOT + Ram 3.75 ± 0.16 *vs* Ram 2.83 ± 0.31, *P* \< 0.05, Fig. [1g](#Fig1){ref-type="fig"}) in the ramelteon group, while 4-P-PDOT alone showed no impact on these determinations. These data indicated that 4-P-PDOT abolished ramelteon-conferred neuroprotection. We next determined the neuroprotective effect of ramelteon after 4 days of MCAO. The results showed that ramelteon significantly reduced the infarct volumes (Vehicle 54.8% ± 2.6% *vs* Ram 38.3% ± 4.6%, *P* *\<* 0.05, Fig. [1h, i](#Fig1){ref-type="fig"}) and neurological deficit scores (Vehicle 3.4 ± 0.24 *vs* Ram 2.3 ± 0.25, *P* *\<* 0.05, Fig. [1j](#Fig1){ref-type="fig"}). We found that ramelteon still had a neuroprotective role in prolonged ischemic brain injury.

Effective time window of ramelteon in reducing MCAO-induced brain injury {#Sec14}
------------------------------------------------------------------------

To explore the time window during which ramelteon can reduce acute ischemic brain injury. Ramelteon at 3.0 mg/kg was administered at the onset (0 h) or at 4 h and 6 h after ischemia onset. Ramelteon significantly reduced brain infarct volumes as late as 4 h after ischemia (Ram 4 h 36.2% ± 3.2% *vs* Vehicle 54.3% ± 1.9%, *P* *\<* 0.05, Fig. [2d, e](#Fig2){ref-type="fig"}). Consistent with this observation, ramelteon significantly reversed neurological deficit when administered as late as 4 h after MCAO (Ram 4 h 2.6 ± 0.29 *vs* Vehicle 3.9 ± 0.18, *P* *\<* 0.01, Fig. [2f](#Fig2){ref-type="fig"}). We further prolonged the administration time to 6 h after MCAO. The results showed that 3.0 mg/kg ramelteon failed to rescue infarct volumes (Ram 6 h 48.2% ± 4.5% *vs* Vehicle 54.3% ± 1.9%, *P* *=* 0.16, Fig. [2e](#Fig2){ref-type="fig"}) and neurological deficit (Ram 6 h 3.7 ± 0.21 *vs* Vehicle 3.9 ± 0.18, *P* *=* 0.42, Fig. [2f](#Fig2){ref-type="fig"}). These data indicated that the effective time window of ramelteon can be as long as 4 h in MCAO mice.Fig. 2Ramelteon showed comparable neuroprotective effects with edaravone in MCAO-induced acute brain injury. **a** Mouse brains were administered at 3, 10 or 30 mg/kg edaravone and were subjected to 24 h pMCAO. Representative TTC-stained brain slices from each group are shown. **b** The infarct volumes and **c** neurological deficit scores of each group were determined (*n* = 3). **d** Ramelteon was administered at 3.0 mg/kg at onset or at 4 h or 6 h after MCAO. Edaravone was injected intraperitoneally at 10.0 mg/kg at the same time as ramelteon treatment. Representative TTC-stained slices are shown. **e** Brain infarct volumes and **f** neurological deficit scores were determined 24 h after ischemia. Data are expressed as the mean ± SEM, *n* = 6 to 9 for each group. Statistical comparisons were performed with a one-way ANOVA followed by Dunnett's multiple comparisons test. \**P* *\<* 0.05, \*\**P* *\<* 0.01, \*\*\**P* *\<* 0.001; n.s. (not significant) *vs* the indicated group

Comparison of the neuroprotective effect of ramelteon and edaravone in MCAO-induced acute brain injury {#Sec15}
------------------------------------------------------------------------------------------------------

We next compared the neuroprotection of ramelteon with edaravone, a well-accepted therapy for stroke patients, in the MCAO model. The neuroprotective effect of edaravone against ischemia was reported as previously described \[[@CR27], [@CR28]\]. To optimize the dose of edaravone in our model, mice were intraperitoneally administered edaravone at 3, 10, and 30 mg/kg at the onset of MCAO. Edaravone at 10.0 mg/kg showed the maximal efficacy in reducing infarct volumes (Eda 10 24.31% ± 3.3% *vs* Vehicle 47.82% ± 2.3%, *P* *\<* 0.01, Fig. [2a, b](#Fig2){ref-type="fig"}) and NDS (Eda 10 2.33 ± 0.33 *vs* Vehicle 3.6 ± 0.34, *P* *\<* 0.05, Fig. [2c](#Fig2){ref-type="fig"}). The results showed that 10 mg/kg edaravone significantly reduced brain infarct volumes and neurological deficits; nevertheless, edaravone showed no significant advantages in ameliorating MCAO-induced brain injury compared with ramelteon. We further determined the neuroprotective effect of edaravone and ramelteon by prolonging the administration time to 4 and 6 h. Edaravone showed no advantage over ramelteon in reducing MCAO-induced injury by delayed administration, as reflected by brain infarct volumes and NDS (Fig. [2e, f](#Fig2){ref-type="fig"}). These data suggested that ramelteon provided a similar effective time window as edaravone for stroke therapy.

Ramelteon protected against photothrombosis (PT)-induced chronic ischemic brain injury {#Sec16}
--------------------------------------------------------------------------------------

To determine whether ramelteon may also attenuate chronic ischemic brain injury, mice were subjected to photothrombosis. Ramelteon (3.0 mg/kg) was administered daily after photothrombosis for 7 days, and the volumes of lesioned brains were evaluated 15 days after ischemia (Fig. [3a](#Fig3){ref-type="fig"}). The results showed that ramelteon significantly reduced the brain lesion from 0.76 ± 0.14 mm^3^ to 0.38 ± 0.13 mm^3^ (*P* *\<* 0.05*)*. Additionally, the protective effect of ramelteon was counteracted by 4-P-PDOT, suggesting the involvement of MTs in the neuroprotection of ramelteon (Fig. [3b, c](#Fig3){ref-type="fig"}). To determine the impairment of motor function, we measured the number of foot faults in the grid-walking task and forelimb symmetry in the cylinder task every other day. We found that ramelteon significantly reduced the number of foot faults and forelimb symmetry during the 15 days after PT onset. Likewise, the functional recovery with ramelteon treatment was abolished by 4-P-PDOT treatment (Fig. [3d, e](#Fig3){ref-type="fig"}). Taken together, these data clearly indicated that ramelteon protected against chronic cerebral ischemia and promoted functional recovery in an MT-related manner.Fig. 3Ramelteon protected against photothrombosis (PT)-induced chronic ischemic brain injury. **a** Schematic of the experimental protocol. **b** Mice were treated with ramelteon at 3.0 mg/kg daily for 7 days after photothrombosis. 4-P-PDOT was injected 0.5 h before ramelteon treatment. Fifteen days after PT onset, brain sections were stained with toluidine blue. Representative images are shown, and the dashed lines outline the brain lesion in the cortex. Data are expressed as the mean ± SEM, *n* = 7 for each group. Scale bar: 2 mm. **c** The infarct volumes were quantified and expressed as mm^3^. Statistical comparisons were performed with a one-way ANOVA followed by Dunnett's multiple comparisons test. **d** Motor functions were accessed by foot fault test and **e** cylinder task. Behavioral tests were performed every two days after stroke. *n* = 8-10 for each group. Statistical comparisons were performed with a two-way ANOVA followed by Tukey's multiple comparisons test. *\*P* *\<* 0.05, *\*\*\*P* *\<* 0.001 *vs* the indicated group

The AMPK/mTOR signaling pathway and autophagy may be involved in ramelteon-conferred neuroprotection {#Sec17}
----------------------------------------------------------------------------------------------------

Ischemic brain injury is intimately related to autophagy cell death. It has been shown that MT activation regulates the AMPK/mTOR signaling pathway \[[@CR29]\]. As expected, ramelteon significantly decreased the cerebral-ischemia-induced phosphorylation of AMPK (T172) and increased the phosphorylation of mTOR (S2448) and p70S6 kinase, which were abolished by 4-P-PDOT (Fig. [4a, b](#Fig4){ref-type="fig"}). AMPK/mTOR signaling has been accepted to activate autophagy in the context of cerebral ischemia \[[@CR30]\], and there are studies indicating that MT agonists regulate autophagy in ischemic brains \[[@CR31], [@CR32]\]. We thus hypothesized that ramelteon conferred its neuroprotection by modulating autophagy. To this end, autophagy-related proteins SQSTM1 and LC3 were determined. Autophagy activation was detected in the brain tissue subjected to MCAO, as reflected by reduced SQSTM1 and accumulated LC3-II. Ramelteon treatment significantly prevented these alterations, indicating that ramelteon inhibited autophagy activation in acute ischemic brain tissue. These effects were reversed by 4-P-PDOT, further suggesting the involvement of MTs in autophagy regulation (Fig. [4c, d](#Fig4){ref-type="fig"}). These data support the notion that ramelteon may regulate autophagy activation by modulating the AMPK/mTOR signaling pathway. To further determine the involvement of autophagy inhibition in the neuroprotection of ramelteon, rapamycin was administered as an autophagy activator. The neuroprotection of ramelteon was abolished by rapamycin, as demonstrated by increased infarct volumes (Ram 33.41% ± 4.3% *vs* Rapa 52.1% ± 0.9%, *P* *\<* 0.01) and NDS (Ram 2.9 ± 0.23 Rapa *vs* 4.0 ± 0.26, *P* *\<* 0.05, Fig. [4e, f](#Fig4){ref-type="fig"}).Fig. 4Ramelteon activated the AMPK/mTOR signaling pathway and inhibited autophagy in acute ischemic brain injury. **a** Mice were administered ramelteon at 3.0 mg/kg or were cotreated with 4-P-PDOT at 3.0 mg/kg after MCAO. The expression of AMPK, p-AMPK (T172), p-mTOR (S2448), p-p70S6 and GAPDH in the ischemic penumbra was measured by Western blot analysis 24 h after MCAO. *n* = 4 for each group. **b** Semiquantitative analyses of AMPK, p-AMPK (T172), p-mTOR (S2448), and p-p70S6 are shown. **c** The expression of SQSTM1 and LC3B was determined by Western blot analysis. **d** Semiquantitative analyses of SQSTM1 and LC3-II are shown. **e** Mice were treated with ramelteon at 3.0 mg/kg or were cotreated with rapamycin at 10.0 μmol at the onset of ischemia. Rapamycin was dissolved in saline and intracerebroventricularly (*i.c.v*.) injected. **f** Infarct volumes and NDS were accessed as previously described. *n* = 8-10. The data are expressed as the mean ± SEM. Statistical comparisons were performed with a one-way ANOVA followed by Dunnett's multiple comparisons test. \**P* *\<* 0.05, \*\**P* *\<* 0.01, \*\*\**P* *\<* 0.001; n.s. (not significant) *vs* the indicated group

We next asked whether the AMPK/mTOR signaling pathway and autophagy activation can also be regulated by ramelteon in chronic ischemia. We found that p-AMPK (T172) was upregulated and p-mTOR (S2448) and p-p70S6 were downregulated at 15 days after ischemia. Ramelteon prevented the phosphorylation of AMPK (T172) and the decrease in p-mTOR (S2448) and p-p70S6, while these effects were abrogated by 4-P-PDOT (Fig. [5a, b](#Fig5){ref-type="fig"}). Autophagy was still activated, as reflected by increased LC3-II and decreased SQSTM1. Ramelteon counteracted autophagy activation, which was further abolished by 4-P-PDOT (Fig. [5c, d](#Fig5){ref-type="fig"}). Overall, these data supported the involvement of the AMPK/mTOR signaling pathway and autophagy in ramelteon-conferred neuroprotection in either acute or chronic ischemic brain injury. mTOR signaling was reported to regulate neuroinflammation \[[@CR33], [@CR34]\], which is involved in the pathological process of cerebral ischemia \[[@CR35]\]. Melatonin attenuated ischemic brain injury through its anti-inflammatory properties \[[@CR36]\]. We also examined whether ramelteon protected cerebral ischemia through anti-inflammation. After ischemia, the increased levels of IL-1β and TNF-α were suppressed by ramelteon treatment (Fig. [S1](#MOESM1){ref-type="media"}). The results indicated that ramelteon might attenuate inflammation in cerebral ischemia. The molecular mechanism of ramelteon in anti-inflammation needs to be investigated in future studies. Our results showed that ramelteon protected against both acute and chronic ischemic injury. Ramelteon may activate the AMPK/mTOR signaling pathway and inhibit ischemia-induced autophagy in a melatonin receptor-related manner (Fig. [6](#Fig6){ref-type="fig"}).Fig. 5Ramelteon activated the AMPK/mTOR signaling pathway and suppressed autophagy in chronic ischemic brain injury. **a** Mice were subjected to photothrombosis, and 15 days later, the expression of AMPK, p-AMPK (T172), p-mTOR (S2448), p-p70S6 and GAPDH in the peri-infarct cortex was examined by Western blot analysis. **b** Semiquantitative analyses are shown. *n* = 4 for each group. **c** The expression of SQSTM1 and LC3B was determined by Western blot analysis. **d** Semiquantitative analyses of SQSTM1 and LC3-II are shown. The data are expressed as the mean ± SEM. Statistical comparisons were performed with a one-way ANOVA followed by Dunnett's multiple comparisons test. \**P* *\<* 0.05, \*\**P* *\<* 0.01, \*\*\**P* *\<* 0.001 *vs* the indicated groupFig. 6Diagram of the neuroprotective effects of ramelteon on cerebral ischemic injury. Ramelteon inhibited the cerebral-ischemia-induced activation of autophagy through the AMPK/mTOR signaling pathway. These effects were blocked by the melatonin receptor inhibitor 4-P-PDOT

Discussion {#Sec18}
==========

Ramelteon is a hypnotic agent that activates melatonin receptors. Some emerging studies have implied other clinical applications beside sedation \[[@CR19]\]; however, the neuroprotective effect of ramelteon against ischemic injury has never been tested. In the present study, we reported for the first time that ramelteon attenuated brain injury caused by either acute or chronic brain ischemia. MCAO was the model used to mimic acute brain ischemia. Ramelteon showed significant neuroprotection in reducing MCAO-induced infarct volume and NDS in a dose-dependent manner. We also found that ramelteon still protected against ischemia in the brain 4 days after MCAO onset (Fig. [1](#Fig1){ref-type="fig"}). Likewise, ramelteon attenuated brain lesions induced by chronic ischemia, and neuroprotection was observed at least 15 days after ischemia onset (Fig. [3](#Fig3){ref-type="fig"}). We cannot exclude the ineffectiveness of ramelteon in the time range longer than 15 days in our study. To evaluate the neuroprotection of ramelteon more comprehensively, we compared its efficacy with that of edaravone (Fig. [2](#Fig2){ref-type="fig"}), which is an approved drug for stroke therapy \[[@CR37], [@CR38]\]. We found that ramelteon showed neuroprotective effects that were comparable with those of edaravone against acute ischemic injury. This observation suggested that ramelteon might have equivalent efficacy with edaravone for stroke therapy. Considering the safety of ramelteon in clinical application, our data indicated that ramelteon can be a novel potential therapeutic drug for cerebral ischemia. We optimized the dose of ramelteon and found that 3.0 mg/kg showed the maximal efficacy (data not shown). We found that 3.0 mg/kg of ramelteon was able to attenuate both acute and chronic brain ischemia. By converting body surface area, this dose is \~19 mg in humans (60 kg body weight). This dose is equivalent to that for insomnia therapy, which ranges from 8 to 32 mg/day \[[@CR18], [@CR39]\]. Approximately 30% of stroke patients suffered from sleep problems, including delirium and insomnia \[[@CR40], [@CR41]\]. Given the hypnotic purpose of ramelteon at this dose, ramelteon may have advantages in treating patients with destabilized circadian rhythms after stroke \[[@CR42], [@CR43]\]. In addition, a narrow therapeutic window is one of the most challenging issues in stroke therapy \[[@CR2], [@CR4]\]. Ramelteon showed an effective therapeutic time window as long as 4 h in this mouse MCAO model. This effective therapeutic window was equal to that of edaravone (Fig. [2](#Fig2){ref-type="fig"}) \[[@CR28]\], which further supported the potential clinical application of ramelteon in stroke therapy.

Lines of evidence documented the neuroprotective effect of melatonin against cerebral ischemia \[[@CR32]\]. MTs are the primary targets of melatonin; however, it is controversial whether MTs are required for melatonin to rescue ischemic brains \[[@CR44], [@CR45]\]. Here, we used 4-P-PDOT to block MTs \[[@CR25], [@CR46]\]. Although 4-P-PDOT has been frequently used as a selective MT2 antagonist, its selectivity between MT1 and MT2 was poor at the current dose \[[@CR47]\]. We found that the neuroprotection of ramelteon was almost totally abolished by 4-P-PDOT both in acute and chronic ischemia (Figs. [1](#Fig1){ref-type="fig"}, [3](#Fig3){ref-type="fig"}), which supported the requirement of MTs for the neuroprotection of ramelteon. Some recent studies indicated that MT1 and MT2 may conduct diverse signaling in ischemic brains \[[@CR14], [@CR48]\]. Due to the lack of selective MT antagonists, it remains unclear how MTs may contribute to the neuroprotection of ramelteon. This issue could be addressed by employing MT1 and MT2 gene knockout mice in future studies. Additionally, previous studies indicated the requirement of melatonin pretreatment before an ischemic episode \[[@CR49]\], and a delay of administration abolished the neuroprotection of melatonin against acute ischemia \[[@CR50]\]. It took hours for melatonin to reach its therapeutic level in a nonrodent stroke animal model \[[@CR51]\]. Given the sudden occurrence of ischemic stroke, melatonin may still have disadvantages as a rescuing agent for ischemic brain injury. As a comparison, we found that ramelteon was effective even 4 h after MCAO onset. This result suggested that ramelteon could be a therapeutic drug, while the prophylactic effect of melatonin should be emphasized for acute ischemia intervention. The discrepancy may be attributed to the advantages in pharmacokinetics and to the fact that ramelteon has a higher affinity than melatonin to MTs \[[@CR47], [@CR52], [@CR53]\].

Autophagy activation has been accepted as a critical mechanism underlying ischemic neuronal death, particularly in ischemic brains without reperfusion \[[@CR54], [@CR55]\]. Additionally, AMPK/mTOR signaling was accepted to activate autophagy during cerebral ischemia \[[@CR56]\]. Our data confirmed autophagy activation in ischemic brains by showing upregulated LC3-II and decreased SQSTM1 and AMPK/mTOR inhibition (Fig. [4a, c](#Fig4){ref-type="fig"}). Ramelteon suppressed the autophagy activation induced by ischemia. In addition, rapamycin, an autophagy activator, abolished the ramelteon-conferred neuroprotection (Fig. [4e, f](#Fig4){ref-type="fig"}). It remains a controversial issue whether rapamycin is neuroprotective in cerebral ischemia, yet a variety of studies have confirmed its role as an autophagy activator \[[@CR57]--[@CR59]\]. Nevertheless, due to the lack of specific approaches to activating autophagy, we cannot exclude other mechanisms underlying the neuroprotection of ramelteon in addition to autophagy inhibition. Nevertheless, the present study indicated that autophagy may be involved in ramelteon-conferred protection. Likewise, melatonin has been demonstrated to regulate autophagy activation in ischemic rats \[[@CR60]\]. However, it was unclear whether MTs are required for autophagy regulation by melatonin. It seems that MTs regulate neuronal autophagy via AMPK/mTOR signaling, which is activated in ischemic conditions \[[@CR61]\]. Here, we found that MT blockage by 4-P-PDOT largely prevented AMPK/mTOR activation and autophagy induction (Figs. [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}). Therefore, the present study supported the involvement of MTs in autophagy regulation. In addition, melatonin was reported to counteract ischemia-induced autophagy \[[@CR7], [@CR62]\]. In these studies, pretreatment with melatonin was required for its neuroprotection, and the benefits of melatonin against chronic stroke have not been determined. We found that ramelteon could be neuroprotective as late as 4 h after acute ischemia and be beneficial in chronic cerebral ischemia. These data implied the advantages of ramelteon over melatonin as a therapeutic drug for stroke.

Taken together, we provide the first evidence indicating that ramelteon can be a promising therapeutic drug for stroke therapy. The neuroprotective effect of ramelteon may be attributed to its agonism on MTs and its inhibition of autophagy in ischemic brains.
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